ABSTRACT: The experiment and kinetic modeling prediction were conducted to investigate the effect of H 2 O vapor on NO reduction by CO. The experiment was performed in a 36-kW combustion reactor, and modeling prediction was done using the plug-flow reactor model. In the presence of H 2 O, the formation of free-radical H is conducive to NO reduction. H 2 O has a complex effect on NO emission: at T < 1100°C, NO emission decreases with the increase of H 2 O content and temperature, the reaction pathway of NO reduction is NO → HNO → NH → N 2 O → N 2 , and the controlling factors of NO reduction are temperature and H 2 O concentration; at 1100°C < T < 1400°C, NO emission decreases as the H 2 O content increases and remains constant with the change of temperature at [H 2 O] < 1.0%, NO reduction depends on H 2 O concentration rather than temperature, and increasing H 2 O concentration makes free-radical H reach high equilibrium concentration; at T > 1400°C, the effects of H 2 O content and temperature on NO emission at [H 2 O] < 1.0% are similar to that at T < 1100°C, NO emission increases with H 2 O content but decreases with temperature at [H 2 O] >1%, NO reduction depends on the combined effects of H and CO.
INTRODUCTION
Emissions of nitrogen oxides (NO x ) are of great concern because of their impacts on the environment, including acid rain and photochemical smog formation. NO x is major combustion-generated pollutant from fossil fuel combustion. 1 The most practical and convenient method for removing nitric oxide (NO) is to use unburnt compounds such as carbon monoxide (CO), hydrogen, and hydrocarbons as reducing agents in a flame. 2 Much research has focused on NO reduction by hydrogen and hydrocarbons as reducing agent, and the research on NO reduction by CO mainly focus on catalytic reduction. 2−5 The use of CO as a reducing agent has advantages for NO x reduction in practical application, because of its presence in significant amounts in the combustion process. The CO oxidation is carried out by NO reduction, and NO removal is usually accomplished via reduction to form N 2 . 5 The key steps in the reaction are the breaking of the NO molecule and a subsequent oxidation of the CO. However, it is found that the NO dissociation is difficult at low temperatures. Glarborg, Rasmussen, and Mueller studied the kinetic modeling of CO/ H 2 /H 2 O/NO x reaction, and it found that the concentration of water vapor has a strong effect on the CO oxidation process. 6−9 Musgrave 10 found that the addition of water vapor could increase the reaction rate of NO reduction, and the following hypothesis was made about the mechanism:
(R1)
It was found that careful drying reduces the reaction rate of NO reduction, and it proved that NO reduction is dependent on the presence of water at 920°C, and the rate was independent of CO concentration if enough CO was present. The interaction of water vapor and CO on NO reduction is little reported. To gain a deeper understanding of the actual reactions of NO reduction, it is necessary to identify the most important reactions and the controlling factor of NO reduction. The objective of this study is to understand the interaction of H 2 O vapor on NO reduction by combining flow reactor experiment and kinetic modeling.
EXPERIMENT
Experimental data used for comparison with kinetic modeling prediction was obtained from a 36-kW electrically heated reactor with a corundum tube to simulate plug flow under well-controlled reaction conditions. A schematic of the reactor can be seen in Figure 1 . The inner diameter, length, and wall thickness of the corundum tube were 70 mm, 1500 mm, and 5 mm, respectively.
While in the reburning zone in the utility boiler, the residence time is ∼8 s. Thus, in the study, the gas residence time in the reactor is 6−8 s, the flow rate used in both experiments and modeling is 1.4 L/min at ambient temperature, and a 600-mm reactor zone length was chosen. The length of the reaction zone can be set by adjusting the position of the sampling probe. In this work, a length of 600 mm of the reaction zone was chosen.
In the experiment, the NO, CO, and Ar gases were re-stored in gas cylinders, Ar gas was used as balance gas, and these gases were highly pure. Gas concentrations were adjusted by mass-flow controllers, and gases were mixed in a gas mixer. In order to investigate the interaction of H 2 O vapor and CO on NO reduction, the gas mixture went through liquid H 2 O contained in a bottle, the relative humidity and temperature of gas mixture at the outlet was 84% and 32°C, respectively.
The gas was analyzed with flue gas analyzers (Ecom-J2KN) manufactured by Prism Gas Detection Pvt., Ltd. The maximum relative error for the measured species was 5%.
The reactor was heated by electrical heating shells with three temperature controllers, and the temperature profiles along the reactor were measured uisng an S-type thermocouple. Control of the furnace temperature was based on the temperature measurement of the corundum tube wall, and the centerline temperature profiles of the tube at different wall temperature are shown in Figure 2 . The results indicate almost isothermal conditions along the reaction zone can be achieved. The tests were performed at atmospheric pressure.
KINETIC MODELING
The above experiment is modeled as a plug-flow reactor (PFR model), and the modeling conditions are the same as those of the experiment. The PFR is simulated by Cantera software code. Cantera is an object-oriented, 11, 12 open-source suite of software tools for reacting flow problems involves chemical kinetics, thermodynamics, and transport processes. The adopted reaction scheme to describe combustion reactions in the flames is the GRI 3.0 mechanism, which involves 53 species and 325 reactions.
13,14 GRI 3.0 mechanism has been extensively validated in previous studies using a variety of configurations including perfectly stirred reactors, laminar flame speeds, and nonpremixed and partially premixed flames.
15−17 Therefore, GRI 3.0 mechanism can be used to model burning flames and NO x emissions.
The reaction pathway flux analysis is performed using MixMaster (a Python program that is part of the Cantera suite), which is based on a conserved scalar approach to reaction fluxes. 
RESULTS AND DISCUSSION
In the experiment, the initial concentration of H 2 O vapor in gas mixture has a great effect on NO emission, but the precise and stable adjustment of H 2 O vapor is very difficult when the concentration is <0.5%. In the study, in order to ensure the accuracy of the experimental result, the concentration of H 2 O vapor in gas mixture was kept constant (4.0%) in the experiment, and the effect of H 2 O vapor on NO emission was investigated by the kinetic reaction modeling, using a validated PFR model. Figure 3 shows the comparison of experimental and modeling NO emission at 600−1600°C. The results show that, with the increase of temperature, NO emission rapidly decreases at 800°C < T < 1100°C, increases at 1100°C < T < 1400°C, and then decreases at T > 1400°C. In the experiment, the initial temperature of gas mixture is ambient temperature, the reaction is delayed by heating when gas mixture entered reactor, and then there is a difference between the predicted and measured values of NO emission in Figure 3 . Although there is a difference between the predicted and measured values, the change trends of the predicted and measured NO emission with the increase of temperature are in good agreement. Therefore, PFR kinetic reaction modeling can be used to analyze the influencing mechanism of NO reduction by CO.
Influence of Temperature and H 2 O Vapor on NO Reduction by CO.
In order to investigate the influence of H 2 O vapor on NO emission, a PFR model is used to predict NO reduction by CO at [H 2 O] = 0−8%, and the results are shown in Figure. Experimental setup of the test unit. Legend: 1a−c, gas cylinders; 2a−c, mass-flow controllers; 3, gas mixer; 4, bottle containing H 2 O; 5, gas inlet; 6, electrically heating furnace; 7a−c, thermocouples connected to temperature controllers; 8, reaction zone; 9, quenched sampling probe; 10, flue gas outlet; 11, gas dryer; and 12, gas analyzer. In order to systematically investigate the interaction of the concentrations of H 2 O, NO, and CO on NO reduction, NO emission is predicted at different initial concentrations of H 2 O, NO, and CO at T > 1100°C. Since the simulated results show that the change trends of NO emission with the initial concentrations of H 2 O, NO, and CO are similar at different temperatures (T > 1100°C), the result of NO emission at T = 1400°C is only presented in Figure 5 . In order to analyze the interaction of H 2 O vapor and CO on NO reduction, the reaction mechanism of NO reduction by CO in the absence of H 2 O is first investigated. Figure 6 illustrates the detailed reaction pathway diagram for N-and Ccontaining species at L = 150 mm (the position from the inlet, see Figure 1 ), where the number (e.g., 0.182) on the arrows represent the relative element reaction fluxes, the percentage (e.g., 99%) is a certain reaction contribution rate for production; "Fwd" and "Rev" respectively represent the forward reaction and reversible reaction, and the relative width of the arrows in Figure 6 indicates pathway importance. Figure 6 indicates that, in the absence of H 2 O, NO is reduced into N 2 mainly by CO, the contribution of CO to NO reduction is 99%, and CO is oxidized into CO 2 in the process of NO reduction by CO. The detailed pathways of NO reduction and CO oxidization are as follows:
Increasing the temperature is conducive to the forward reactions of reactions R3 and R4, and then NO emission monotonically decreases with temperature (see Figure 4a) . However, since reaction R5 is very slow in the absence of H 2 O, 18 it is not conducive to the forward reaction of reaction R4, and then NO reduction slows in the absence of H 2 O when the temperature is <1100°C (see Figure 4a ).
In the presence of H 2 O vapor and at T < 1100°C, the experimental and predicted results show that NO emission rapidly decreases as the temperature increases, and the reaction pathway is investigated at T = 850°C. Figure 7 shows the reaction pathway diagrams for N-, H-, and C-containing species in the presence of H 2 O at T = 850°C, and it indicates that H plays a great role in NO reduction, and the detailed pathways of NO reduction are as follows:
Net:
The reaction pathway of NO reduction is NO → HNO → NH → N 2 O → N 2 , and reactions R6−R9 are the crucial steps in the NO reduction pathways where free-radical H plays a key role. As known from the reaction pathway of H-and Ccontaining species, the free-radical H originates from the following reactions:
(R11)
The role of H 2 O in NO reduction is very complex for the formation of free-radical H. High H 2 O concentration may reduce free-radical H and produce more free-radical OH through reaction R11, but high OH content is conducive to free-radical H formation through reaction R12. When the temperature and H 2 O content are, respectively, <1100°C and 1.0%, the controlling factors of NO reduction are temperature and H 2 O concentration. Figure 8 shows the variation of free-radical H concentration with initial H 2 O vapor concentration and temperature at L = 150 mm and T < 1100°C. As known from Figure 8 , when the temperature is >900°C, free-radical H concentration rapidly increases as the temperature increases. When the H 2 O concentration is low, the CO oxidization rate is low, 17 the concentrations of CO and CO 2 in reaction R12 do not reach equilibrium, increasing the temperature and H 2 O concentration can increase the free-radical concentrations of H (see Figure 8) , and then NO emission rapidly decreases as the temperature increases at T < 1100°C (see Figure 4) . At [H 2 O] > 0.6%, the increase of free-radical H concentration with H 2 O vapor concentration is not noticeable at a given temperature (see Figure 8) , and thus the change of NO emission with initial H 2 O vapor concentration is slight at T < 1100°C (see Figure 4b) .
At [H 2 O] < 1.0% and 1100°C < T < 1400°C, the pathway of NO reduction is similar to that at T < 1100°C (see Figure  7) , but the controlling factor of NO reduction is only the H 2 O concentration, instead of temperature. At 1100°C < T < 1400°C
, the free-radical concentrations of H and OH in reactions R11 and R12 can rapidly reach equilibrium in the temperature range at a given H 2 O content, and the reaction temperature has little effect on NO reduction through reactions R6−R10. However, increasing the H 2 O concentration makes the amount of free-radical H reach high equilibrium concentrations through reactions R11 and R12, and NO can be effectively reduced through reactions R6−R10. Therefore, NO emission almost remains constant with the increase of temperature, and decreases as the H 2 O content at 1100°C < T < 1400°C and [H 2 O] < 1.0% (see Figure 4a) . Figure 9 shows the reaction pathway of N-containing species at T = 1600°C, it indicates that there are two pathways of NO reduction, the first pathway is similar to reactions R6−R10, but reaction R6 is replaced by the following reaction:
The other pathway is as follows:
Therefore, the two NO reduction pathways are: (1) NO → HNO → NH → N 2 O → N 2 and (2) NO → N → N 2 . The pathways of NO reduction indicate that both H and CO have a high capability of NO reduction, and CO can be directly oxidized to reduce NO via reaction R15 at high temperature. Reaction R14 is very important, with regard to the NO reduction path: high levels of OH can promote NO formation, but H can easily reduce NO to N 2 . Thus, the appropriate concentrations of H and OH are very important for NO reduction. 19 High temperature can increase the reaction rates of R14−R16; therefore, NO emission decreases with temperature when the temperature is >1400°C (see Figure 4) . Figure 10 shows the effect of H 2 O concentration on freeradical H content at [CO] = 4000 ppm and T = 1400°C, and it indicates that the free-radical H concentration increases as the initial H 2 O concentration increases at [H 2 O] < 1.0%, but it decreases as the initial H 2 O concentration increases at [H 2 O] > 1.0%. At [H 2 O] < 1.0% and T > 1100°C, the controlling factor of NO reduction is only H 2 O concentration; the free-radical concentrations of H and OH in reactions R11 and R12 can rapidly reach equilibrium in the temperature range at a given H 2 O content. Increasing the H 2 O concentration makes the amount of free-radical H reach high equilibrium concentrations through reactions R11 and R12, and NO can be effectively reduced through reactions R6−R10 (see Figure 5) . However, at H 2 O > 1.0% and T > 1100°C, increasing H 2 O concentration is conducive to the backward reaction of reaction R13 (see Figure  9) , increasing H 2 O can reduce free-radical H by reaction R11 Figure 5 .
The normalized sensitivity of NO concentration toward reactions are calculated, the sensitivity analysis coefficients are obtained through perturbation of the pre-exponential factor A in the Arrhenius equation of reaction, and the normalized sensitivity coefficient (S j ) is defined as
where c is the NO concentration, and k i is the pre-exponential factor A in the Arrhenius equation of reaction i. The value of the sensitivity coefficient indicates a positive or negative influence on c by k i : a positive value means that the value of c increases as k i increases, and a negative value means that the value of c decreases as k i increases. The reason for the high value of this coefficient is that the reaction is the key chainbranching step and strongly promotes NO oxidation. As known from Figure 11 , the normalized sensitivity coefficients of reactions R6, R13, and R15 are the top three, which means that the three reactions are most important for NO reduction, and the CO, H 2 O, and free-radical H contents are important for NO reduction. In reactions R11 and R12, at a given temperature, free-radical H formation depends on the concentrations of H 2 O and CO. When the H 2 O content is too low, the controlling factor of free-radical H formation is the H 2 O concentration, and increasing the H 2 O vapor concentration can increase the H concentration, which is conducive to NO reduction; when the H 2 O vapor concentration is too high, the controlling factor of free-radical H formation is CO concentration, and only increasing the CO concentration can increase the H concentration at high H 2 O content. At [H 2 O] > 1.0% and 1100°C < T < 1400°C, NO reduction is mainly dependent on free-radical H content in the reaction pathways. At a given CO content, increasing the temperature can reduce the H concentration via reaction R11, and it makes the NO reduction decrease.
At [H 2 O] > 1% and T > 1400°C, NO reduction depends on the free-radical H and CO content. CO can be directly oxidized to reduce NO via reaction R15 at high temperature, and high temperature can increase the reaction rates of reactions R14−R16, and, thus, NO emission decreases with temperature at T > 1400°C. Therefore, for practical application of NO reduction in a pulverized-coal-fired furnace, when air staging or reburning is used to reduce NO emission, the temperature of the reduction should is <1400°C, and the H 2 O content should not be too high.
CONCLUSION
The effect of H 2 O on NO reduction by CO is complex: (1) at T < 1100°C, NO emission rapidly decreases when H 2 O increases from 0 to 0.60% and slightly decreases when H 2 O is greater than 0.6%, and NO emission rapidly decreases with the increase of temperature; (2) at 1100°C < T < 1400°C, NO emission decreases as the H 2 O contente increases and remains constant with the change of temperature at H 2 O < 1%, and NO emission increases with the increase of H 2 O concentration and temperature at H 2 O > 1%; (3) at T > 1400°C, the effects of H 2 O and temperature on NO emission are similar to that at T < 1100°C when H 2 O is <1%, and NO emission increases as the H 2 O increases but decreases with temperature when the H 2 O concentration is >1%.
In the absence of H 2 O, NO is reduced to N 2 by the direct CO oxidization. In the presence of H 2 O, the formation of freeradical H is conducive to NO reduction. At T < 1100°C, the reaction pathway of NO reduction is NO → HNO → NH → N 2 O → N 2 , the controlling factors of NO reduction are temperature and H 2 O content, and an increase in temperature and H 2 O concentration can increase the equilibrium concentrations of OH and H; H plays a great role in NO reduction path. At 1100°C < T < 1400°C and [H 2 O] < 1.0%, the controlling factor of NO reduction is H 2 O concentration rather than temperature; increasing the H 2 O concentration makes the free-radical H content reach high equilibrium concentration; at [H 2 O] > 1% and T > 1400°C, NO reduction depends on the free-radical H and CO content in the reaction pathways, and NO reduction depends on the combined effects of H and CO. 
